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The authors report electric transport properties of resonance tunneling field-effect transistors
fabricated using C60-filled metallic double-walled carbon nanotubes. The devices exhibit strong
resonance tunneling characteristics and the distinct negative differential resistance with high
peak-to-valley current ratio about 1300 is observed at room temperature. In particular, at high bias
voltages, the tunneling current is completely dominated by the Coulomb oscillation peaks with
uniform conductance at room temperature, reflecting a strong single-electron tunneling effect.
© 2007 American Institute of Physics. DOI: 10.1063/1.2535817
Over the past several years, great interest in nanostruc-
tured carbons, such as fullerene C60, single-walled carbon
nanotubes SWNTs, and double-walled carbon nanotubes
DWNTs, has been aroused steadily due to many of their
unique properties in nanoscale and potential applications in
lots of fields. Specially, with their unique combination of
physical properties, fullerenes and carbon nanotubes are cur-
rently considered to be likely candidates for functional build-
ing blocks of nanoscale devices, and electronic transports in
these structures prove to be strongly affected by the single-
electron charging and quantization of energy levels. Up to
now, various nanodevices with unusual transport properties,
such as single C60 transistor, carbon nanotube field effect
transistors FETs, and single-electron transistors, have been
realized experimentally.1–4 Recently, a quantum supercurrent
transistor has been fabricated with carbon nanotubes con-
necting superconducting leads.5 However, the experimental
work on making resonant tunneling diodes and resonant tun-
neling transistors based on carbon nanotubes is only begin-
ning to emerge,6–9 and also some theoretical predications re-
main to be tested.
In this letter we report transport properties of metallic
DWNTs in which C60 molecules are encapsulated, and find
that they can exhibit a distinct room-temperature negative
differential resistance NDR behavior compared with the
case of empty DWNTs. A very high peak-to-valley current
ratio up to 1300 is significantly observed, which has never
been reported previously in nanodevices fabricated using
carbon nanotubes. In addition, during measurements, a
strong Coulomb blockade CB behavior is strikingly ob-
served at room temperature. In our case, C60 molecule en-
capsulated DWNTs can be prepared by either a vapor reac-
tion method or a plasma ion-irradiation method.10
Transmission electron microscopy TEM observations have
confirmed that most pristine DWNTs have uniform inner di-
ameter of 4.0 nm, outer diameter of 4.8 nm, and higher pu-
rity than 99%. For the vapor reaction method, the purified
DWNTs are sealed with a sufficient C60 powder purity over
99.5% in a glass tube under the vacuum condition around
210−5 Torr, and then the sealed tube is heated at 420 °C
for 48 h to fill C60 in DWNTs. Raw C60-filled DWNT
samples are obtained after the above filling process, and then
sonicated in toluene to remove the excess C60 powder at-
tached to the outer side of DWNTs. The purified samples are
examined in detail by TEM Hitachi HF-2000 operated at
200 kV and Raman spectroscopy Jovin Yvon T-64000 with
Ar laser at 488 nm see supporting information. The device
fabrication using C60-filled DWNTs undergoes a typical pro-
cess of making nanotube FETs, as described in our previous
work.11,12 Source and drain electrodes used are made of Au
placed on a SiO2 insulating layer thickness of 500 nm and
have a channel length of 500 nm. A heavily doped Si sub-
strate is used as a back gate. The purified C60-filled DWNTs
are firstly dispersed by sonication in N,
N-dimethylformamide DMF solvent and then spin coated
on a substrate where 63 pairs of Au electrodes are prepre-
pared. After that, a baking process at 400 K is finally carried
out in atmosphere for 30 min to remove DMF remnants.
Figure 1a shows a current versus source-drain voltage
IDS-VDS characteristic obtained at room temperature. Inter-
estingly, the measured curve exhibits unique NDR character-
istics at high bias values of both 6 and −6 V, namely, an
initial rise of the current is followed by a sharp decrease
instead of the linear increase expected from Ohm’s law when
the voltage is progressively increased. A high peak-to-valley
current ratio PVCR= IP / IV about 1300 is surprisingly ob-
served, which is much higher than that reported previously
for NDR devices fabricated using other nanomaterials.13–16 A
sharp negative differential conductance close to −1400 S
can be seen at VDS=6 V, as seen in an inset of Fig. 1a.
Moreover, gate voltage dependence characteristics of
IDS-VDS curves, as described in Fig. 1b, indicate that a
threshold voltage Vth for the appearance of current peak is
greatly affected by the gate voltages, and a shift of Vth
from 5.4 to 7.7 V is found when VG is increased from
−30 to 30 V. Apart from this, a symmetric NDR characteris-
tic seems to be observed when the device is examined at
negative bias voltages. It is important to mention that, in
more than six independent devices, a similar NDR character-
istic is observed, although their Vth and PVCR vary from
device to device. In contrast, measured IDS-VDS curves for
empty metallic DWNTs at VG=−20, 0, and 20 V, respec-
tively, demonstrate evidently that both the NDR characteris-
tic and gate voltage dependent feature are not observed, as
indicated in an inset of Fig. 1b. Therefore, the encapsulated
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C60 molecules must play a critical role for the NDR phenom-
enon observed in DWNTs. In one pioneering work, the NDR
characteristic has ever been observed in superlattice structure
of tellurium-filled zeolite.17 Similarly, by means of C60 en-
capsulation, one can easily conceive the construction of tun-
nel barriers and quantum dots inside DWNTs. Since the
number of encapsulated C60 molecules with diameter of
0.71 nm in 500-nm-long DWNT is roughly estimated to be
more than 6103, ideal superlattice structure is possibly
formed in such one-dimensional space of DWNTs. When
electrons tunnel through the potential barriers in series sepa-
rated by C60 molecules, the coherent nature of ballistic elec-
tron propagation can generate constructive interference, re-
sulting in the occurrence of resonance tunneling.
It is noted that the observed Vth and PVCR in our case
are much larger than those reported previously in other
heterostructures.14,15,17 A plausible reason can be explained
in terms of the unique structure of C60, which is smaller than
the usual semiconductor quantum dots investigated so far.
Previous experimental studies have demonstrated that reso-
nance energy related to peak voltage can be increased by
reducing the width or thickness of quantum well due to the
formation of depletion barrier for smaller structure. 14,15 Fur-
ther measurements reveal that the IDS-VDS curves are fully
reversible upon change of the source-drain bias sweep direc-
tion; for a given device, only small fluctuations in Vth and
peak current are observed with consecutive positive and
negative sweeps. Obviously, our present observations differ
from the results mentioned by Tang and Wang, in which
hysteresis current loops are observed owing to rearrange-
ments of Te atoms in the cluster of superlattice structure.17
Moreover, the IDS-VDS characteristics turn out to be strongly
dependent on the applied gate voltage, suggesting that the
transport characteristic can be affected by external perturba-
tions, in agreement with the related descriptions.18 The up-
shift of Vth in Fig. 1b with VG varying from −30 to 30 V is
possibly ascribed to the existence of discrete energy levels of
C60 through which electron tunneling is induced by the ex-
ternal electrostatic field.19 In other words, the formed reso-
nant energy levels can exhibit an increase or a decrease when
VG is adjusted so as to add or remove electrons on the C60
quantum dots, and a more positive gate voltage seems to
stabilize the additional electrons, i.e., electron state of C60 is
determined by both VG and local electrochemical
environment.1
Since the gate voltages show a great effect on the
IDS-VDS characteristic, there is a natural expectation on how
the current should behave with the gate voltage at a fixed
bias. Figure 2a gives a typical IDS-VG curve measured at
VDS6 V, in which the measured current is completely
dominated by Coulomb oscillation peaks with VG ranging
from −40 to 40 V. Our findings reveal that the single-
electron tunneling SET effect is observed on C60-filled
DWNTs at room temperature, which is consistent with ob-
servations of Fig. 1 where the current is suppressed to near
zero at the bias voltages more than 6 V. In contrast to CB
FIG. 1. Color online a IDS-VDS curve VG=−20 V for C60-filled DWNTs
measured at room temperature exhibits NDR characteristics at 6 and −6 V.
The conductance dI /dV vs VDS is shown in an inset. b Characteristics of
IDS-VDS curves measured with VG ranging from −30 to 30 V in a step of
10 V. An inset shows IDS-VDS curves for empty metallic DWNTs measured
at VG=−20, 0, and 20 V.
FIG. 2. Color online a IDS-VG characteristic showing the Coulomb block-
ade CB transport behavior at VDS6 V. b Gate voltage period VG in
the range of 0.3–4.2 V.
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phenomena observed for isolated C60 molecules,20–23 the os-
cillation current peaks display an interesting uniform con-
ductance in some case, which may result from the potential
barriers with uniform width formed between coupled C60
molecules in DWNTs.
The observed large conductance can possibly be ex-
plained in terms of the occurrence of both resonant tunneling
effect and charging effect which is known to induce the scan-
ning tunneling microscopy current increase.24 The smallest
gate voltage period VG is measured to be VG0.3 V, as
given in Fig. 2b, corresponding to the Coulomb charging
energy Ec=e2 /2Cg estimated to be 0.15 eV,25 where
Cg=e /VG=5.310−19 F is the capacitance of the quantum
dots. VG between the adjacent current peaks is found to be
integer times 0.3 V, varying from 1.2 to 4.2 V on average,
resulting in Ec in the range of 0.6–2.1 eV. However, consid-
ering the 500 nm thickness oxide back gate of FET device in
our case, the efficiency of gate voltage is lower than the
observed values in Fig. 2b. Thus the actual Ec is less than
2.1 eV, which is in agreement with the previous reports on
the CB width in the range of 0.8–2.0 eV for isolated C60
molecules.20,24 To further identify the reproducibility of the
observed SET effect, a series of IDS-VG curves in Fig. 3 is
recorded when VDS is increased from 0 to 6 V. Interestingly,
the obtained IDS-VG curves indicate a multiple feature, and
the current shows a linear increase for VDS3 V, becoming
gradually unstable with VDS larger than 3 V. At VDS6 V,
the current is encountered with an unexpected sharp decrease
together with the Coulomb oscillation, being consistent with
our previous observations in Fig. 1.
In summary, we have measured the electrical transport
properties of metallic DWNTs filled with C60 molecules at
room temperature. In contrast to pristine DWNTs, the unique
NDR behavior with high PVCR is significantly observed in
C60-filled DWNTs due to the formation of superlattice struc-
ture. In addition, the observed CB phenomenon at room tem-
perature may be indicative of both resonant tunneling effect
and charging effect. Our results reveal evidently that
C60-filled DWNTs hold a great potential in the design of
electronic switching devices for more complex memory and
multivalued logical circuits.
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FIG. 3. Color online IDS-VG characteristics measured at VDS in the range of
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